In this study, energy spectrum of blocking in the Northern Hemisphere is examined in the framework of the 3D normal mode decomposition using the NCEP/NCAR reanalysis for 51 years. Attention is concentrated to the barotropic component of the atmosphere, where the low-frequency variabilities dominate. The horizontal scale of disturbances is measured by the phase speed of a Rossby mode c instead of the horizontal wavenumber.
Introduction
Low-frequency variabilities such as blocking have long been a major concern in the operational weather forecasting as well as the geophysical fluid dynamics. Although there is a wide consensus such that the nonlinearity is essential for the blocking formation, a simple linear dynamics of resonant stationary Rossby waves, or the analysis of wave activity flux, occasionally succeeds to explain the formation. Unified theory of blocking formation is difficult to establish despite the long history of observational and theoretical studies. (Tung and Lindzen 1979; Warn and Brasnett 1983; Shutts 1983; Hansen and Sutera 1984; Haines and Marshall 1987; Holopainen and Fortelius 1987; Malanotte-Rizzoli and Malguzzi 1987; Nakamura et al. 1997; Tanaka 1991 Tanaka , 1998 .
When the blocking phenomenon is examined in the wavenumber domain, the importance of the strong nonlinearity implies the key role of the wave-wave interactions. Energy spectrum of the large-scale geostrophic turbulence has been characterized by the À3 power law with respect to the horizontal wavenumber k over the synoptic to sub-synoptic scales (WiinNielsen 1967; Boer and Shepherd 1983; Nastrom et al. 1984; Shepherd 1987) . Using dimensional analysis, Kraichnan (1967) predicted a k À3 power law for 2 dimensional, isotropic and homogeneous turbulence in a down-scale enstrophy cascading inertial subrange on the short-wave side of the scale of energy injection. Tung and Orlando (2003) demonstrated that the energy injected at the synoptic scale cascades up to planetary waves, where another dissipation exists. Contrasted to the k À3 law over the synoptic to sub-synoptic scales, there was no appropriate theory to describe the spectral characteristics at synoptic to planetary scales, because of the existence of the energy source due to baroclinic instability. Welch and Tung (1998) argued that the theory of nonlinear baroclinic adjustment (Stone 1978 ) is responsible to determine the spectrum over the energy source range. They introduced a saturation criterion, proposed by Garcia (1991) , to determine the upper bound in meridional heat flux by the disturbances. According to the criterion, a Rossby wave breaks down when a local meridional gradient of potential vorticity becomes negative, i.e., qq/qy < 0, somewhere in the domain (see Fig.  1 ). The process of Rossby wave breaking was extensively studied as the theory of Rossby wave critical layers (e.g., Stewartson 1978; Warn and Warn 1978; Haynes and McIntyre 1987; Haynes 1989) . The excessive energy of the breaking Rossby wave at synoptic waves is then transferred nonlinearly toward the socalled Rhines scale of cascade arrest at the larger scale (Rhines 1975) .
The spectral characteristics of the synoptic to planetary waves are described by Tanaka (1985) , by means of the 3D normal mode decomposition, including the vertical spectrum. The analysis scheme is referred to as normal mode energetics (Tanaka and Kung 1988) . In their analysis, the scale of the 3D normal mode is represented by the eigenfrequency of Laplace's tidal equation s, instead of the wavenumber k. The modal frequency is related to the scale by the wave dispersion relation. According to the result of the normal mode energetics analysis by Tanaka (1985) , the energy spectrum of the barotropic component of the atmosphere obeys the characteristic slope of 2 to 3 power of the eigenfrequency s. Moreover, it is found by Tanaka and Kasahara (1992) that the energy spectrum is uniquely determined as a sole function of the phase speed of the Rossby mode c, when the energy spectrum is plotted against c instead of s.
The spectral peak over the phase speed domain (i.e., c domain) is clearly explained by the Rhines scale, which separates the distinct slopes of turbulence and wave regimes as discussed by Tanaka (2003) . The atmospheric energy is first converted from the baroclinic to the barotropic components at the synoptic scale when the baroclinicity is removed by the baroclinic instability. The accumulated barotropic energy then cascades up to the larger scale obeying a specific power law, governed by the 2D fluid mechanics. The up-scale energy cascade is, however, arrested at the Rhines scale, beyond which the linear term dominates, due to the increased s or c.
The spectral slope in the phase speed domain is theoretically deduced by Tanaka et al. (2004) , to establish the power law of c 2 based on Garcia's criterion of Rossby wave breaking qq/qy < 0. According to this Rossby wave saturation theory, the energy spectrum is found to obey E ¼ ac 2 , where a represents a constant proportional to mass of the atmosphere for the unit area. When the Rossby waves saturates in the turbulence regime, the excessive energy accumulated at the synoptic eddies cascades up toward the spherical Rhines speed c R , beyond which the linear term dominates the nonlinear term.
Once the origin of the spectral peak, and the power law is understood by the Rossby wave saturation theory, it is easily speculated that the barotropic energy would ultimately be accumulated at the spherical Rhines speed c R . The excessively accumulated energy at c R would stay for a long time, because the triad wavewave interactions of turbulence no longer break down the amplified Rossby wave. Therefore, the characteristics of the Rossby wave breaking at c R is rather different from the breaking at synoptic disturbances by baroclinic instability. Those characteristics are clearly described only by the normal mode energetics. The accumulated energy is subject to be transferred to the zonal motion by zonal-wave interactions, which is referred to as zonalization (Williams 1978) . The zonalization is diagnostically confirmed by Tanaka and Terasaki (2005) in the phase speed domain, in conjunction with the problem of the Arctic Oscillation. In this study, we propose a hypothesis such that the atmospheric blocking is a realization of accumulated energy at the spherical Rhines speed c R , exceeding the Rossby wave saturation point, represented by E ¼ ac 2 in the phase speed domain. The purpose of this study is first to confirm the up-scale energy cascade from the synoptic eddies to the spherical Rhines speed c R in the phase speed domain. Energetics analysis is conducted for the 51 years of NCEP/NCAR reanalysis during winter. Second, we confirm the fact that the barotropic energy at the spherical Rhines speed c R exceeds the Rossby wave saturation point, represented by E ¼ ac 2 during the blocking phenomenon. Finally, we confirm the intensification of the up-scale energy cascade to c R in the phase speed domain during the blocking events in winter by the composite analysis.
The governing equation and data used in this study are described in section 2. Mean energy spectrum, and energy flux in the phase speed domain are presented in section 3, using the 51 years of NCEP/NCAR reanalysis during winter. In section 4, we describe the energy anomaly and flux anomaly during the typical blocking events in winter by the composite analysis. Finally, a discussion and concluding remarks are presented in section 5.
Governing equations and data
The governing equations used in this study are the 3D spectral primitive equations on a sphere (Tanaka 2003) . A system of primitive equations with a spherical coordinate of longitude l, latitude y, pressure p, and time t may be reduced to three prognostic equations of horizontal motions and thermodynamics for three dependent variables of U ¼ ðu; v; fÞ T . Here, u and v are the zonal and meridional components of the horizontal velocity. The variable f is a departure of the local isobaric geopotential from the global mean reference state, and the superscript T denotes a transpose.
In order to obtain a system of 3D spectral primitive equations, we expand the state variable vectors U in 3D normal mode functions in a resting atmosphere, P nlm ðl; y; pÞ, which are defined by a tensor product of the vertical normal modes, and the horizontal normal modes of the Hough harmonics (Kasahara 1976 is a phase speed of gravity waves in shallow water associated with the equivalent height h m .
By expanding the state variable in 3D normal mode functions, we obtain a system of 3D spectral primitive equations in terms of the spectral expansion coefficients:
where t is a dimensionless time scaled by ð2WÞ À1 , W is the angular speed of the Earth's rotation, s i is the eigenfrequency of the Laplace's tidal equation, f i is the expansion coefficient of the external forcing of viscosity and diabatic heating rate, and r ijk is the interaction coefficients for nonlinear wave-wave interactions, calculated by the triple products of the 3D normal mode functions. The triple subscripts are shortened for simplicity as w nlm ¼ w i . There should be no confusion in the use of i for a subscript, even though it is used for the imaginary unit in (3). Refer to Tanaka (2004) , and Tanaka and Terasaki (2005) for the computations of s i and r ijk .
In the 3D spectral representation, the vertical expansion basis functions may be divided into barotropic ðm ¼ 0Þ and baroclinic ðm 0 0Þ components. We may construct a simple spectral barotropic model, using only the barotropic components ðm ¼ 0Þ of the Rossby modes, by truncating all the baroclinic modes and highfrequency gravity modes. Such a model is equivalent to that predicting the vertical average of meteorological variables. The zonal and meridional wave truncations of the present model is equivalent to rhomboidal 20 with an equatorial wall.
It is important to note that the ratio of the magnitude of the linear term, and nonlinear term, in (3) determines the distinct behaviors of the mode. When s i is small, the nonlinear term dominates the linear term in (3), causing a turbulent behavior. Conversely, when s i is large, the linear term dominates the nonlinear term in (3), causing a simple normal mode behavior with the Laplace's tidal frequency s i . As seen in Tanaka et al. (2004) , the ratio of the nonlinear term to the linear term is referred to as a spherical Rhines ratio R i , which characterizes the turbulence regime ðR i > 1Þ, and the wave regime ðR i < 1Þ, and the scale where R i ¼ 1 is referred to as the Rhines scale:
Total energy E of the atmosphere (sum of kinetic energy and available potential energy) is simply the sum of the energy elements E i defined by:
where p s is the mean surface pressure. In this study, h m ¼ 9746:5 m for the barotropic mode m ¼ 0. The energy spectrum E i , and spherical Rhines ratio R i , are plotted as a function of the dimensionless phase speed of the Rossby mode c i ¼ s i /n in a resting atmosphere. The phase speed c i represents the horizontal scale of a mode by the wave dispersion relation. The westward phase speed is small (large) when the horizontal scale of the Rossby mode is small (large). By differentiating (5) with respect to time and substituting (3), we obtain the energy balance equation:
where N i and S i designated the nonlinear interactions and the energy sources, respectively. The nonlinear interactions are further decomposed in contributions from zonal-wave interactions N Zi , and wave-wave interactions N Wi . We then define energy flux in the phase speed domain F Zi and F Wi by the summation of N Zi and N Wi , respectively, with respect to c i in descending order of magnitude in the phase speed domain:
Since the summation of N Wi for all indices becomes zero, the positive and negative values of F Wi represent up-scale and down-scale energy flux over the phase speed domain, respectively. Likewise, the summation of N Zi for all indices becomes zero. The positive values of F Zi represent the energy flux from eddy to zonal components.
The data used in this study are four-times daily NCEP/NCAR reanalysis for 51 years from 1950 to 2000 (see Kalnay et al. 1996) . The data contain horizontal winds ðu; vÞ, and geopotential f, defined at every 2.5 longitude by 2.5 latitude grid point over 17 mandatory vertical levels from 1000 to 10 hPa. Apparently, the reanalysis data distributed in pressure coordinates are smoothed to damp the total wavenumber larger than approximately 30. For this reason, spectral results beyond that wavenumber are not presented in the result of this study. The spectral coefficients are computed by (2) from the state variables U, and the spherical Rhines ratio, energy spectrum, and energy flux are evaluated by (4), (5), (7), and (8) respectively, and averaged for the analysis period.
Energy spectrum and spherical Rhines speed
Figure 2 illustrates the spherical Rhines ratio R i as a function of the dimensionless phase speed of the Rossby modes c i , evaluated for 51 years of winter seasons (Dec, Jan, Feb) using the NCEP/NCAR reanalysis. The spherical Rhines ratio are connected by dotted lines for the same zonal wavenumber n, with different meridional mode numbers l of the barotropic component. The right-most line and left-most line represent zonal wavenumbers 1 and 20, respectively. Although c i is negative for Rossby modes, only the magnitude is considered hereafter as a scale parameter in the abscissa. For small c i , the ratio R i exceeds 50, indicating the dominant nonlinear term and negligible linear term. This range is characterized by the nonlinear turbulent behavior with strong coupling of different waves. The ratio becomes unity at approximately c i ¼ 0:02 (18 m s À1 ). The up-scale energy cascade at the turbulence regime must terminate at this point because the nonlinear wave-wave interactions become negligible beyond this point. The scale of the energy cascade arrest, where R i ¼ 1, is referred to as the Rhines scale on the b-plane (Rhines 1975) . Since the Rhines scale is defined on the sphere and measured by the phase speed instead of the wavenumber, we will refer to it as spherical Rhines speed c R , as in Tanaka et al. (2004) . The spherical Rhines speed c R is defined by the phase speed where R i ¼ 1. For the large c i beyond c R , the ratio becomes less than unity, indicating the dominant linear term in (3). At this wave regime, we can confirm that the time behavior of the spectral coefficient w i in the harmonic dial is characterized as a simple normal mode with the eigenfrequency s i , as inferred by (3). The largest scale modes with the largest c i (those are mixed Rossby-gravity modes) show the ratio approximately 0.8, which is larger compared with our former result with the Japan Meteorological Agency (JMA) analysis data by Tanaka et al. (2004) . Figure 3 illustrates the result of the barotropic energy spectrum E i as a function of c i . Energy levels are connected by dotted lines for the same zonal wavenumber n with different meridional mode numbers l. The right-most line and left-most line represent that for zonal wavenumbers 1 and 20, respectively. According to the result, the spectrum indicates two dis- ) is also the speed where the westward phase speed of the Rossby wave balances with the eastward flow speed by the zonal and vertical mean motion. As a result, the Rossby wave at c R becomes stationary, and an appreciable amount of energy supply occurs by the topographic forcing.
The spectral slope of E ¼ ac 2 is derived from the Rossby wave saturation criterion qq/qy < 0, where a ¼ p s /g represents a constant proportional to the mass of the atmosphere for unit area (Tanaka et al. 2004 ). Actual energy level must be smaller than that, because critical wind speeds are defined by the peak values of a mode. Under the plane wave assumption, it should be factored by 1/4 for the mean energy level. The theoretical slope then agrees well quantitatively with the observation. Evidently, the spectrum at the turbulence regime obeys the power law, and the slope is close to c 2 . For the NCEP/NCAR reanalysis, the energy levels at short waves are lower than that of JMA analysis by Tanaka et al. (2004) , due to the apparent smoothing. Therefore, NCEP/ NCAR reanalysis is inadequate to analyze the spectrum of the short waves.
The energy injected at the synoptic scale (small c i ) cascades up to the larger scale (larger c i ) obeying a specific power law. Rhines (1975) , in conjunction with a small down-scale energy flux from the wave regime beyond c R . We also notice that a part of the energy injected at synoptic eddies cascades down to short waves, as seen from the negative value of the flux at smallest c i (see Tung and Orlando 2003) . It may be important to note that there is no apparent energy peak at the energy source range in synoptic scale around c i ¼ 0:004. The result implies that the excessive energy produced by the Rossby wave breaking promptly cascades up toward c R , maintaining the spectral slope of c 2 bounded by the principle of Rossby wave saturation. It is important to realize that the energy can accumulate exceeding the saturation spectrum only at the edge of the turbulence regime; that is c R . Figure 4 shows the same energy spectrum E i , but with the energy flux F Zi for the zonal-wave interactions in the phase speed domain. Energy spectrum for the zonal wavenumber n ¼ 0 is superimposed on the eddy energy spectrum by black dots, after Tanaka (2003) . According to the result, the energy flux diverges at c R and converges at c i ¼ 0:10, showing the peak value of 0.30 W m À2 . Evidently, the accumulated eddy energy at c R is transferred to zonal motion, mostly at the meridional index l ¼ 3. This is a realization of the so-called zonalization by Williams (1978) . It is found that a small downscale energy flux is observed at synoptic to short waves around c i ¼ 0:01, which is not documented in the previous studies. It may be interesting to note that time variation in the energy flux F Zi is responsible for the formation of the Arctic Oscillation (see Tanaka and Terasaki 2005) .
Blocking formation
The principle of Rossby wave saturation would lead to a number of new understanding of atmospheric phenomena; one of which may be the idea of blocking formation by the accumulation of barotropic energy at the spherical Rhines speed at c R . A sequence of amplification and breaking of Rossby waves at the synoptic scale results in an expansion of the turbulence regime toward the larger c i along the slope of c 2 . At the cascade arrest of c R , however, the accumulated excessive energy cannot break down by the triad wave-wave interaction, because the nonlinearity no longer dominates the linear process. Accordingly, the amplified Rossby wave at c R will persist for a long time, showing a characteristic structure of blocking with qq/qy < 0, as illustrated in Fig. 1 . The direction of the overturning in potential vorticity can be either clockwise or anti-clockwise. It is definitely anti-clockwise for extra-tropical cyclones by the nature of baroclinic instability (Tanaka and Watarai 1999) . For blocking, however, clockwise overturning seems to dominate, because anti-cyclone is breaking (Nakamura 1994) . When the accumulated energy at c R is relaxed so as to extend the slope of c 2 beyond c R , the blocking would propagate westward as often observed. In order to confirm those hypotheses, data analyses are conducted for blocking events in the same framework as the normal mode energetics in the phase speed domain. Figure 5 illustrates a case study of the barotropic height for the onset (1200Z 29 January 1989) and mature stage (0000Z 4 February 1989) of the prominent blocking flow configurations over the North Pacific. The barotropic height corresponds to the vertical mean of the geopotential height deviation from the global mean. A pronounced blocking is rapidly developing at Alaska during the 5-day period. This is a well-known case as one of the largest blocking events in recent years (see Tanaka and Milkovich 1990; Kimoto et al. 1992; Tan and Curry 1993) . Figure 6 illustrates the distribution of barotropic potential vorticity for the onset and mature stage of the same blocking. Amplified Rossby wave over the North Pacific is about to break down on 29 January, transporting low potential vorticity north over the Bering Sea. When the Rossby wave breaks down on 4 February, a large negative meridional gradient of potential vorticity, as seen in Fig. 1 , is created along the West Coast. In this blocking event, the characteristic configuration of qq/qy < 0 was maintained for almost two weeks. Figure 7 illustrates the barotropic energy anomaly in the phase speed domain for 0000Z 2 February to 1800Z 6 February 1989 when the blocking is in its mature stage. Energy levels are connected by dotted lines for the same zonal wavenumber n, with different meridional mode numbers l. The spherical Rhines speed c R is marked by an arrow. We can confirm that the excessive energy anomaly is concentrated just over c R when the blocking is in its mature stage. The amount of the anomaly reaches 6:0 Â 10 4 J m À2 , which corresponds to the double of the climate level, exceeding well above the Rossby wave saturation point, represented by E ¼ ac 2 . The result may be considered as the necessary condition for blocking. Figure 8 shows the energy flux F Wi in the phase speed domain, evaluated for the developing stage during 1200Z 29 January 1989 to 1200Z 3 February 1989 (solid line). The result of the climate for DJF in Fig. 3 (dashed line) is superimposed on the graph. We notice that the up-scale energy flux from the synoptic-scale source range to the spherical Rhines speed c R is enhanced, indicating the peak of 0.35 W m À2 which is more than double of the climate. An enhanced convergence of the energy flux is evident at c R , where the energy anomaly shows the peak. Based on these results, we can confirm that the energy at the spherical Rhines speed c R accumulates beyond the saturation criterion as a result of enhanced up-scale energy flux from the synoptic transient eddies, which leads to the onset of a blocking. The result shown here is not the sufficient condition for the blocking formation, but is, at least, a necessary condition consistent with the many features of a blocking.
Since the analysis result for a single event is noisy, and not convincing to derive a reliable conclusion, the same analysis is repeated for the largest 10 blocking events in the North Pacific, and the other largest 10 blocking events in the North Atlantic, as listed in Table 1 . The date and time of onset and mature stages are determined by a combination of Mullen's (1987) and Lejenä s and Økland's (1983) indices, following Watarai and Tanaka (2002) . Figure 9 illustrates the barotropic energy anomaly over the phase speed domain for the composite of the North Pacific and North Atlantic blockings. As in Fig. 7 , we can confirm that blocking events are characterized by the excessive energy accumulation just over c R . The peak anomaly reaches 4:0 Â 10 4 J m À2 for both regions, exceeding the Rossby wave saturation point represented by E ¼ ac 2 . The composite for the North Atlantic is characterized by the amplification of a single normal mode of n ¼ 2 and l ¼ 5, whereas that for the North Pacific is characterized by n ¼ 3 and l ¼ 3. Figure 10 shows the energy flux in the phase speed domain for the composite of the same blocking events in the North Pacific and the North Atlantic (solid lines), compared with the climate (dashed lines). The up-scale energy flux from the synoptic-scale source range to c R is enhanced during blocking events by more than 0.5 W m À2 compared with the climate. The energy flux convergence increases evidently at c R where the energy anomaly shows the peak. The anomaly of 0.5 W m À2 has a potential to produce an energy anomaly of 2:0 Â 10 5 J m À2 for 5 days, which is quantitatively sufficient to explain the energy anomaly during the blocking events.
When the two regions are compared, downscale flux from the synoptic to the meso scale is enhanced for the North Pacific events, indicating increased activities of transient eddies. The up-scale energy flux from synoptic eddies is slightly stronger for blocking events in the Table 1 . The spherical Rhines speed c R is marked by an arrow. North Pacific than in the North Atlantic, as suggested by Nakamura et al. (1997) . Enhanced wave activity density flux may cause the amplification of a local anomaly to break the stationary Rossby wave. The important point is to amplify the local wave activity so that the criterion of the Rossby wave breaking is satisfied. The wave activity can be generated either by external forcing there, or transient eddy forcing in a remote area. The quantification of the external forcing, and the analysis of the wave activity density flux would be the subject of future research. However, it is verified that the up-scale energy flux is clearly instrumental for the blocking formation in both regions.
Discussion and concluding remarks
In this study, energy spectrum of the largescale atmospheric motions is examined in the framework of the 3D normal mode decomposition. Attention is concentrated to the barotropic component of the atmosphere, where the lowfrequency variabilities dominate. The horizontal scale of disturbance is measured by the phase speed of a Rossby mode c i ¼ s i /n, instead of the horizontal wavenumber k, based on the wave dispersion relation for the normal mode on a sphere.
According to the result of the observational analysis, we obtain a characteristic energy spectrum, with its peak at the spherical Rhines speed c R . For the range of small c i , the nonlinear term dominates the linear term, creating a turbulence regime. Energy injected at the synoptic eddies by the baroclinic instability cascades up to larger c i for the barotropic component of the atmosphere under the constraint of the 2D fluid mechanics. The up-scale energy cascade terminates at the spherical Rhines speed c R , because the linear term dominates beyond that speed. Based on the criterion of Rossby wave breaking, qq/qy < 0, discussed by Garcia (1991) , Tanaka et al. (2004) derived that the energy spectrum in the turbulence regime obeys c 2 in the phase speed domain. With a proportional constant a ¼ p s /g, describing a total mass of the atmosphere for unit area, the Rossby wave saturation theory predicted that the barotropic energy spectrum of the general circulation can be described as E ¼ ac 2 . The spherical Rhines speed c R is the ultimate end point of the up-scale energy cascade by the triad wave-wave interactions. The accumulated excessive energy, just over c R , results in a unique behavior, which may be recognized as blocking in the physical space. The energy level at c R can exceed the saturation criterion of E ¼ ac 2 , because it no longer breaks down by the triad wave-wave interactions. Therefore, the accumulated excessive energy at c R persists for a sufficiently longer time, showing the specific structure with qq/qy < 0, which is characteristic to blocking. The direction of the overturning of potential vorticity can be either clockwise or anti-clockwise. The amplified nonlinear Rossby wave at c R stays at the same location for a long time, because c R coincides with the scale of stationary Rossby waves.
Although the up-scale energy cascade may be the principal mechanism for the accumulation of energy at c R , other mechanisms; such as the resonant Rossby wave with topographic forcing (Tung and Lindzen 1979) , baroclinic instability of planetary waves (Tanaka and Kung 1989) , or accumulation of wave activity density flux by the quasi-stationary Rossby wave train (Nakamura et al. 1997) , may act as the excitation mechanism for the stationary Rossby wave at c R . Those are recognized as different processes to produce the common large-scale configuration as blocking. The important point is to amplify the local wave activity, so that the criterion of the Rossby wave breaking is satisfied. The criterion translated in the spectral domain is to amplify a Rossby wave exceeding E ¼ ac 2 at the spherical Rhines speed at c R . In conclusion, the essential feature of a blocking can be understood as the excessive accumulation of barotropic energy at the spherical Rhines speed c R , where an amplified Rossby wave persists for a long time at the same location showing the breaking criterion qq/qy < 0.
The conclusion of this study is based on the Rossby wave saturation theory in the spectral domain. The result shown here is, however, not the sufficient condition for the blocking formation. It is, at least, a necessary condition assessed in the spectral view point, consistent with the many features of a local blocking. Further descriptions may be desired to connect the spectral view of the blocking with that in the regional behavior of the blocking, by considering the phase information of the amplification.
